Abstract: Poultry in commercial settings are exposed to a range of stressors. A growing body of information clearly indicates that excess ROS/RNS production and oxidative stress are major detrimental consequences of the most common commercial stressors in poultry production. During evolution, antioxidant defence systems were developed in poultry to survive in an oxygenated atmosphere. They include a complex network of internally synthesised (e.g., antioxidant enzymes, (glutathione) GSH, (coenzyme Q) CoQ) and externally supplied (vitamin E, carotenoids, etc.) antioxidants. In fact, all antioxidants in the body work cooperatively as a team to maintain optimal redox balance in the cell/body. This balance is a key element in providing the necessary conditions for cell signalling, a vital process for regulation of the expression of various genes, stress adaptation and homeostasis maintenance in the body. Since ROS/RNS are considered to be important signalling molecules, their concentration is strictly regulated by the antioxidant defence network in conjunction with various transcription factors and vitagenes. In fact, activation of vitagenes via such transcription factors as Nrf2 leads to an additional synthesis of an array of protective molecules which can deal with increased ROS/RNS production. Therefore, it is a challenging task to develop a system of optimal antioxidant supplementation to help growing/productive birds maintain effective antioxidant defences and redox balance in the body. On the one hand, antioxidants, such as vitamin E, or minerals (e.g., Se, Mn, Cu and Zn) are a compulsory part of the commercial pre-mixes for poultry, and, in most cases, are adequate to meet the physiological requirements in these elements. On the other hand, due to the aforementioned commercially relevant stressors, there is a need for additional support for the antioxidant system in poultry. This new direction in improving antioxidant defences for poultry in stress conditions is related to an opportunity to activate a range of vitagenes (via Nrf2-related mechanisms: superoxide dismutase, SOD; heme oxygenase-1, HO-1; GSH and thioredoxin, or other mechanisms: Heat shock protein (HSP)/heat shock factor (HSP), sirtuins, etc.) to maximise internal AO protection and redox balance maintenance. Therefore, the development of vitagene-regulating nutritional supplements is on the agenda of many commercial companies worldwide.
Introduction
Commercial poultry production is associated with a variety of environmental, technological, nutritional and biological/internal stressors which are responsible for decreased productive and reproductive performance and compromised health [1, 2] . A great body of recent information clearly indicates that very often overproduction of free radicals, compromised antioxidant defences and oxidative stress are the leading causes of the detrimental consequences of stress in poultry. During evolution, integrated antioxidant defence systems were developed in poultry. These protective systems control free radical (i.e., ROS and RNS) production and maintain redox (antioxidant/prooxidant) balance. Indeed, the redox balance in the cell/whole body is shown to be responsible for a regulation of an array of various physiological/biochemical processes, including cell signalling, gene expression and homeostasis maintenance [3, 4] . In our previous publications [5] [6] [7] , the concept of the antioxidant defence network in poultry was developed and validated. It was suggested that there are three major levels of antioxidant defence in the cell. The first level is built by three major antioxidant enzymes, namely, superoxide dismutase (SOD), glutathione peroxidase (GPx) and catalase, which are responsible for radical detoxification at the very beginning of the process of their formation. Since free iron and copper are major catalysers of the free radical formation, metal-binding proteins were also placed into the first level of antioxidant defence. Because of a great variety and substantial number of free radical formation in biological systems, the first level of defence cannot deal effectively with all of them and, therefore, the second level of the antioxidant defence includes mainly free radical scavenging antioxidants (vitamin E, ascorbic acid, glutathione (GSH), CoQ, uric acid, etc.), with vitamin E being the major biological antioxidant in the cell membranes. However, even the second level of the antioxidant defence is not potent enough to prevent damage to biological molecules and, therefore, the third level of the antioxidant defence deals with damaged molecule repair (methionine sulfoxide reductase (Msr); heat shock proteins (HSPs); DNA-repairing enzymes, etc.) or removal (e.g., phospholipases, proteosomes). In recent years, the signalling role of free radicals has received much attention [8, 9] and the vital functions of various transcription factors [10, 11] and vitagenes [12, 13] have been described. It is the aim of this review to present an updated assessment of antioxidant defence systems in poultry.
Stressors in Poultry Production
From a physiological point of view, deviation from optimal internal and external conditions leads to stress. Under mild stress conditions, homeostasis can be re-established by coordinated action of the hypothalamic-pituitary-adrenal system, the autonomic nervous system and the immune system. Further, a complex cascade of regulatory mechanisms is involved in the stress response which leads to metabolic changes (an increased mobilization of energy and a shift in metabolism) causing diminished live performance in poultry [14] . It should be mentioned that, in modern commercial poultry production, based on balanced diets and well-controlled environmental housing, stress-related nutritional metabolic diseases (e.g., encephalomalacia, exudative diathesis, muscular dystrophy) are sparse [6, 7, 15] ; however, stress-related decreases in productive and reproductive performance of poultry still cause substantial economic losses. Domestication and genetic selection for rapid growth, improved feed conversion and high egg production rates have made domestic birds, including broilers, layers and turkeys, particularly susceptible to oxidative stress [16] . In general, there are four major types of stress in the poultry industry: technological, environmental, nutritional and internal, which lead to detrimental changes at the molecular/cellular and physiological levels and, finally, decrease the productive and reproductive performance of commercial poultry [1, 2, 15] (Table 1) . Table 1 . Main stressors in poultry production.
Stresses References

Technological stressors
Chick placement [1, [17] [18] [19] [20] [21] [22] Increased stocking density [23] [24] [25] [26] [27] [28] [29] [30] [31] Weighing, grading, group formation, catching, transferring to breeder houses [1, 18, 19] Prolonged egg storage, egg transportation, inadequate egg storage conditions, incorrect incubation regimes [1, 18, 19] 
Environmental stressors
Inadequate temperature [32] [33] [34] [35] [36] [37] [38] [39] Inadequate ventilation and increased dust [1, 18, 19, 40, 41] Inadequate lightning [1, 18, 19, 42, 43] 
Nutritional stressors
Mycotoxins [44] [45] [46] [47] [48] [49] [50] Oxidised fat [51] [52] [53] [54] [55] Toxic metals (lead, cadmium, mercury, etc.) [17, [56] [57] [58] [59] Imbalance of minerals (Se, Zn, Mn, Cu, etc.) and other nutrients [2, 15, 18, 19, [60] [61] [62] [63] Low water quality [2, 18, 19, [64] [65] [66] [67] Usage of coccidiostats and other drugs via feed or water [2, 18, 19, 68, 69] 
Internal stressors
Vaccinations [70] [71] [72] Microbial or virus challenges [73] [74] [75] [76] [77] [78] Gut dis-bacteriosis [79] [80] [81] [82] [83] Pipping and hatching [5, 84, 85] A growing body of evidence clearly indicates that oxidative stress is involved in most of commercially relevant stresses in poultry production (for review see [1, 2, 15, 60, 86] ).
Antioxidant Defence Systems
Living cells have to effectively balance the process of formation and inactivation/detoxification of ROS/RNS to maintain their levels low, but still above zero. It has been known for many years that cells can tolerate mild oxidative stress by additional synthesis of various antioxidants (GSH, thioredoxin (Trx), antioxidant enzymes, CoQ, etc.) and restoring redox antioxidant/prooxidant balance [87] . Since ROS in excess are damaging to many biological molecules, the antioxidant system network is responsible for prevention/decrease of the damages. However, these adaptive mechanisms in living organisms have limited ability. Once the ROS/RNS production exceeds the ability of the antioxidant defence system to neutralise them, oxidative stress occurs and important biological molecules, including polyunsaturated fatty acids (PAFAs), proteins and DNA can be damaged leading to detrimental consequences in terms of health, growth and development of poultry. Therefore, the antioxidant defence includes several options [13, 15, [88] [89] [90] [91] [92] [93] [94] (Figure 1 ): Figure 1 . Antioxidant defence mechanisms (adapted from Reference [13] ).
An antioxidant strategy has several options. Firstly, there is an attempt to decrease free radical production by decreasing oxygen availability, reducing the activities of enzymes responsible for ROS/RNS production (e.g., NADPH oxidase, xanthine oxidase), keeping iron and copper bound to proteins and preventing their participation in new radical formation. Secondly, maintaining the integrity of mitochondria, the major source of free radicals in biological systems, is of paramount importance. Thirdly, scavenging free radicals (e.g., vitamin E, vitamin C, GSH, coenzyme Q) and detoxification/decomposition of the free radicals and non-radical toxic products (SOD, GPx, catalase, etc.) are important steps in the antioxidant defence strategy. Fourthly, the system of vitamin E recycling (ascorbic acid, thioredoxin reductase (TrxR), vitamins B1 and B2) which helps maintain vitamin E in an active form can increase its biological antioxidant potency. Fifthly, redox signalling, transcription factor (Nrf2) and vitagene activation and additional synthesis of protective molecules possessing antioxidant and detoxification activities are the main elements of the anti-stress strategy. Sixthly, enzymatic systems, responsible for damaged molecule repair (heat shock proteins, HSP; methionine sulfoxide reductase, Msr; DNA-repair enzymes; etc.) and removal (phospholipases, phospholipid hydroperoxide GPX (PH-GPx), proteasomes, etc.) play an important role in preventing the accumulation of damaged molecules and maintaining proteostasis. Finally, apoptosis, autophagy and other processes dealing with terminally damaged cells to remove them and prevent damages to be transferred to other cells/tissues are important elements of the antioxidant defence network.
Increasing evidence has demonstrated that all antioxidants in the body are working together as a "team" providing conditions for adaptive homeostasis. In this team, there are cooperative interactions when one member helps another one to work more efficiently. In fact, antioxidant defence systems are shown to be found in all cell compartments (e.g., mitochondria, nucleus, cytoplasm, etc.) and are expressed tissue-specifically, which includes internally synthesised antioxidants (AO enzymes, GSH, CoQ, uric acid, carnitine, taurine, etc.) and antioxidants supplied with the diet (vitamin E, carotenoids, synthetic antioxidants, carnitine, silymarin, etc.). Many antioxidant enzymes (e.g., SOD, GPx and some other selenoproteins, etc.) are stress-inducible and their expression and activity depend on stress intensity [15] .
The Concept of Oxidative Stress
The concept of oxidative stress as an imbalance between oxidants and antioxidants and oxidative stress responses was initially formulated in 1985 by Sies [95] and was later updated [96] [97] [98] [99] . Terms introduced were "oxidative eustress", referring to low-level physiological oxidative stress, and "oxidative distress", referring to high-level oxidative stress [99] . The concept is graphically summarized in Figure 2 . ROS are produced in physiological conditions as a by-product of energy production in mitochondria and as an important "weapon" in phagocytes. The antioxidant defence network is responsible for maintenance of low basic levels of ROS by scavenging and converting them into non-toxic products and other mechanisms (for details, see Figure 1 ). Low levels of ROS interact with specific targets and play important roles in redox signalling (i.e., oxidative eustress). Working closely with various transcription factors and vitagenes, these ROS are responsible for stress adaptation, homeostasis and health maintenance. High exposure to ROS due to the presence of compromised antioxidant defences or excessive ROS production as a result of high stress conditions affects unspecific targets (damaged PUFAs, proteins, DNA, etc.) and causes oxidative distress leading to disruption of redox signalling. This contributes to pathophysiology and leads to compromised immunity and decreased resistance to various diseases and the decreased productive and reproductive performance of poultry.
In response to the oxidative challenge, a stress response is activated to control potential overproduction of ROS/RNS and to provide optimal conditions for effective ROS/RNS signalling to support redox homeostasis. The NF-E2-related factor 2/Kelch-like ECH-associated protein 1 (Nrf2/Keap1) and nuclear factor kappa-light-chain-enhancer of activated B cells/inhibitory κB protein (NF-κB/IkB) systems were considered to be two major "master regulators" of the stress response. In particular, in stress conditions, both transcription factors are shown to be translocated to the nucleus, bound to appropriate DNA sites to provide protection, but in many cases with opposite effects. In general, the stress response is a quite complex process associated with various important biochemical and physiological pathways including the heat shock response, the unfolded protein response, the hypoxia induced response, and various repair mechanisms/programs. Furthermore, autophagy, mitophagy, apoptosis, necroptosis, ferroptosis, etc., are also deeply involved in homeostasis maintenance [99] .
It is important to mention that the signalling roles of ROS have received a tremendous amount of attention [100] and it was suggested that they are produced in a strictly controlled/regulated fashion [101] . Growing evidence indicates that oxidation-reduction (redox)-based regulation of gene expression and adaptive homeostasis are fundamental regulatory mechanisms in cell biology. A great variety of protective systems against oxidative stress in poultry is suggested to be strictly regulated and, depending on the conditions, the stress response can be created over a period of minutes to hours, days to weeks, or months to years [102] . In this respect, signal transduction pathways such as the Nrf2-Keap1 system is one of the fastest responding systems to the changing environment which can upregulate the antioxidant defence network within minutes [102] . Mounting evidence has shown that detrimental alterations in redox signalling in stress conditions could lead to disease development [103] and losses in productive and reproductive poultry performances [15] . However, a low/basal level of oxidative stress is an essential part of cell adaptation and survival due to the creation of adaptive responses with improved adaptive ability to stressful challenges/conditions [104] . Recent findings indicate that in poultry, redox-signalling pathways use ROS as signalling molecules to activate expression of genes responsible for regulation of various physiological functions including growth, differentiation, proliferation and apoptosis, as well as to activate vitagenes and increase adaptability to stress [105] . Adaptive homeostasis was presented as a mechanism explaining how variations in stress exposure (type, duration, intensity/strength, etc.), including oxidative stress, are dealt with by a cooperative action of various protective mechanisms [102] .
Vitagene Network
The term "vitagene" was first introduced by Rattan in 1998 to describe various maintenance and repair processes in the cell [106] . Hence, several important gene-coding proteins that regulate the complex network of the so-called longevity assurance processes were suggested to be called "vitagenes" [106] . Later, the vitagene concept was further developed in relation to the medical sciences by Calabrese and colleagues [107] [108] [109] [110] . The major pro-survival mechanisms in the body/cells which are under vitagene network control are shown in Table 2 . As can be seem from Table 2 , the vitagene network operates on four levels. At the molecular level, it is related to antioxidant defence systems, including a DNA-repairing system, synthesis of stress proteins and proteasomal degradation of damaged proteins. Indeed, cellular proteostasis is a key element of homeostasis maintenance. Safety of genetic information transfer is also regulated at this level. At the cellular level, the aforementioned processes regulated at the vitagene level are related to cell proliferation and differentiation, and cell membrane integrity. Stability of intracellular milieu and macromolecular turnover are also connected to the vitagene network. At the tissue and organ level, the vitagene network is responsible for neutralization and removal of toxic chemicals, tissue regeneration, cell death and replacement. Therefore, the aforementioned events are vital elements of tissue/organ homeostasis maintenance. Finally, at the physiological level, the vitagene network is responsible for stress response, adaptation and thermoregulation. Furthermore, hormonal, immune and neuronal response to environmental/nutritional factors are also regulated by the vitagene response.
In accordance with Calabrese et al. [108] [109] [110] , Surai and Fisinin [111, 112] and Surai et al. [13] the term "vitagenes" includes a group of genes participating in cellular homeostasis preservation under stress conditions. Therefore, the vitagene family is suggested to include:
• Heat shock proteins (HSPs): HSP70 and heme oxigesnase-1 (HO-1);
Thioredoxin system (Trx, Trx peroxidase (peroxiredoxins), sulfiredoxin and TrxR); • Glutathione system (GSH, glutathione reductase (GR), glutaredoxin (Grx), GPx); and • Sirtuins.
Data on the regulatory mechanisms of vitagene expression in poultry are quite limited. For example, HSP regulation in avian species has been recently reviewed [113] and can be summarised as follows. The heat shock response (HSR) is one of the main adaptive stress responses of the cell homeostasis restoration after proteotoxic stress, including heat shock, cold, oxidative stress, hypoxia, toxins, chemicals, pathogen, etc. [114] [115] [116] . In fact, cooperative interactions between the transcription factors and various homeostatic mechanisms are driving forces of effective adaptation to stressful conditions [117] [118] [119] . There is a growing body of evidence indicating the protective role of various natural antioxidants (e.g., vitamins E and C, carotenoids, flavonoids) in the prevention of lipid peroxidation and membrane integrity maintenance [15] . However, proteins can also be damaged in stress conditions and protein integrity preservation is the most important function of the stressed living cell/organism. Therefore, HSR in poultry/animals is based on the induction of HSPs and related elements, such as the ubiquitin-proteasome system [115] . In fact, HSPs are molecular chaperones facilitating protein folding and preventing protein aggregation in stress conditions [113] . Results of recent studies suggest that HSR is regulated mainly at the transcriptional level by four heat shock transcription factors (HSFs), including HSF1, HSF2, HSF3 and HSF4, which bind to heat shock regulatory elements of genes to upregulate HSPs' expression [117] . Avian cells are known to express at least three HSFs (HSFs 1-3 ). In fact, three avian HSF genes corresponding to HSF3 as well as the avian homologs of mammalian HSF1 and HSF2 have been successfully cloned [120] . Furthermore, HSF1 was demonstrated to be rapidly activated by mild heat shock, while HSF3 was less responsive and responded only to severe heat shock. Therefore, HSF1 and HSF3 are quite different based on their activation kinetics and threshold induction temperature. Interestingly, HSF2 did not respond to heat stress and has been speculated to have other (developmental) functions [121] . In fact, HSF3 was considered to be a master regulator of the heat shock genes in avian cells [122] . Avian HSF1 and HSF3 were shown to be maintained in the cytoplasm in a cryptic monomer and dimer form, respectively, in physiological non-stressful conditions. Therefore, heat stress causes conformational change in chicken HSF3, associated with the formation of a trimer and its nuclear translocation [123] .
It has been shown that avian cells lacking HSF1 and HSF3 have a complete loss of activation of heat shock genes under stress conditions [124] . Furthermore, HSF-deficient cells were also characterised by a dramatic reduction in HSP90α expression under normal growth conditions. There is a tissue specificity in HSF expression. For example, upon severe heat shock, HSF1 was shown to mediate transcriptional activity only in the brain. At the same time, HSF3 was found to be exclusively activated in blood cells as a result of heat treatment following induction of heat-shock genes [125] . It has been demonstrated that vertebrate HSF2 can be induced in the physiological range of temperature. In fact, HSF2 deficiency was found to reduce the threshold for chicken HSF3 activation, and HSF2-null cells became more susceptible to mild heat shock in comparison to wild-type cells. In addition, HSF2-deficient cells were characterised by the accumulation of ubiquitylated misfolded proteins [126] . In general, the vital roles of HSFs in the adaptation of poultry to commercially relevant stress conditions are proven. Recent genome-wide studies have provided information to appreciate the roles of HSF1 in reprogramming transcription not only in stress conditions but also in physiological conditions [127] . Detailed analysis of possible protective functions and regulation of HSP70 and HO-1 in avian species has been recently published [111] [112] [113] and can be summarised as follows.
HSP70
Among the HSPs, HSP70 is considered to be one of the most conserved and important protein families. In fact, HSP70 refers to a family of 70 kDa chaperone proteins participating in house-keeping functions. These ATP-dependent chaperones are key elements of the cellular protein surveillance network involved in a large variety of protein-folding processes [128] . It is well appreciated that under various stress conditions, adaptive synthesis of stress inducible HSP70 enhances the ability of stressed cells to maintain proteostasis by dealing with increased concentrations of unfolded or denatured proteins (for recent reviews, see References [129] [130] [131] [132] ). Organisation, nucleotide sequence and transcription of the chicken HSP70 gene have been delineated by Morimoto et al. [133] . Indeed, the authors isolated a gene encoding a 70 kDa heat shock protein (HSP70) from a chicken genomic library and determined that the gene is quite conserved, since the order and spacing of the sequences were shown to share many features in common with the promoter for the human HSP70 gene. Similar to mammals, the heat induced a time-dependent increase in HSP70 mRNA and protein in broiler chicken liver in vivo was observed [134] . The tissue-and age-dependent expression of HSP70 in broiler chicken embryos was affected not only by heat, but also by cold stress [135] . Therefore, increased HSP70 expression is believed to be an important adaptive mechanism to deal with oxidative stress-related changes in cell proteome under various stressful conditions [113] . Interestingly, HSP expression in the chicken gut is a vital mechanism of antioxidant protection [17] and there is a need for further research to understand molecular mechanisms of HSP70 regulation in avian species.
Heme Oxygenase-1
Heme Oxygenase-1, a 32 kDa protein, known as heat shock protein-32 (HSP32), is responsible for the degradation of haem with the formation of carbon monoxide (CO), biliverdin and free iron. Similar to HSP70, HO-1 is the stress-inducible isoform of the three HO isoforms described to date, providing a critical protective mechanism in avian systems responsible for adaptation to oxidative, inflammatory and cytotoxic stress [136, 137] . In most tissues HO-1 is expressed at a relatively low house-keeping level and it can be induced by various oxidative stress-related insults including haem, ultraviolet light, heavy metals, cytokines, hydrogen peroxide, nitric oxide (NO) and glutathione depletion [138, 139] . The vital role of HO-1 in adaptation to stress has been shown in HO-1-deficient animal models characterised by atypical pro-inflammatory immune response with increased apoptosis [113] . It seems likely that HO-1 synthesis is under strict hormonal control. Until now, research data on HO-1 expression and its protective actions in poultry production were quite limited. In fact, in the early 1990s, HO-1 was purified from chicken liver microsomes [140] . The apparent V max of purified heme oxygenase, assayed under optimal conditions, was 580 U/mg protein, with a molecular weight of 33,000 Da [140] . It was shown that, similar to mammals, bird HO-1 induction in stress conditions was associated with various signalling pathways. Interestingly, increased HO-1 expression in chicken embryos between internal (day 19) and external pipping (day 20; [141] ) is believed to be an important adaptive mechanism responsible for increased protection of tissues during this critical and stressful period of the ontogenesis [142] . Heme Oxygenase-1 is described in avian species; however, its response to different stressors in domesticated and wild birds are still poorly characterised [113] and needs further investigation.
Therefore, our critical analysis of recent data indicates that HSP70 and HO-1 expression in avian species effectively responds to commercially relevant stressors including heat stress, heavy metal stress, Se deficiency, chicken transportation and increased stocking density. It is proven that HSP expression can be effectively regulated by nutritional means, including vitamins E, C and D, carnitine, betaine [13, 113] and some phytochemicals such as silymarin [91] . Indeed, these vitagenes (HSP70 and HO-1) are important elements responsible for adaptation of poultry to various stressors by maintaining cell proteostasis
SOD
SOD, as important vitagene, is the main driving force in cell/body adaptation to various commercially relevant stress conditions [93, 111, 112] . Since the superoxide radical is the main free radical produced in physiological conditions in the cell [143] , SOD is believed to be the key element of the first level of antioxidant defence in the cell [15] . Recently, the protective roles of SOD in avian biology have been reviewed [93] and the main conclusions can be summarised as follows. SOD was discovered in 1969 by McCord and Fridovich [144] and this discovery opened a new era in free radical research. There are three isoforms of SOD in mammals, namely, cytosolic Cu, Zn-SOD, mitochondrial Mn-SOD, and extracellular SOD (EC-SOD; [15, 93] ). It is proven that additional synthesis of SOD under stress conditions is an adaptive mechanism to decrease ROS formation, prevent oxidative stress and maintain adaptive homeostasis [145] . However, if the stress is too high, SOD activity is usually decreased following apoptosis activation. Chicken SOD was first described and purified in the early 1970s. In fact, similar to mammals, chicken liver has two types of SOD, including mitochondrial (Mn-SOD) and cytosolic (Cu, Zn-SOD) enzymes [146] . The cytosolic SOD was shown to have an apparent molecular weight of 30,600 Da and to contain copper and zinc, being similar to the other eukaryotic Cu, Zn-SOD, while chicken mitochondrial SOD was found to have a molecular weight of 80,000 Da. SOD activity in avian species is tissue specific and was shown to depend on many different factors such as genetics, nutrition and various stress-related factors, including heat, heavy metals, mycotoxins and other toxicants [93] . In particular, SOD was found to provide an effective protection against lipid peroxidation in chicken embryonic tissues [147] and in semen [148] . There are complex interactions inside the antioxidant network of the cell/body to maintain homeostasis under stress conditions. Nutritional means of SOD upregulation in poultry production and physiological and commercial consequences of such upregulation await further investigation. For example, in the medical sciences, manipulation of SOD expression and SOD mimics are used as an important tool in disease prevention and treatment [93] .
Sirtuins
Sirtuins (SIRTs) are a highly conserved family of NAD+-dependent enzymes possessing deacetylases, deacylase, mono-ADP-ribosyltransferase and other activities [149] . The role of sirtuins as an important part of the vitagene family in avian species has been recently reviewed [111, 112] and can be summarized as follows. There are seven members of the sirtuin family, SIRT1-SIRT7, which are located in different subcellular compartments. These enzymes are ubiquitously distributed from eubacteria to mammals [150] . In particular, SIRTs have been associated with various cellular and metabolic processes regulating cell plasticity mechanisms of adaptation to various stresses [151] . Sirtuins are involved in regulation of redox balance in the cell by affecting specific transcription factors [152] . In fact, SIRTs orchestrate cellular stress response and maintain genome integrity and protein stability [153] . Indeed, a number of biological processes, including cell growth and differentiations, apoptosis, chromatin condensation, energy transduction and glucose homeostasis are regulated via SIRTs expression [149] . Furthermore, DNA repair and apoptosis [154] , muscle and fat differentiation, neurogenesis, mitochondrial biogenesis, glucose and insulin homeostasis, hormone secretion, cell stress responses and circadian rhythms are proven to be regulated by SIRTs [155, 156] . In fact, main cytosolic and nuclear targets of SIRT1 are shown to include histones, p53, DNA damage proteins, FOXO1, -3 and -4, HSF1, PPARγ, PPARα, UCP2, NF-κB and HIF1α [157] . Therefore, sirtuins are deeply involved in various stress-related pathways within the complex signalling network responsible for regulation of stress response and restoration of adaptive homeostasis under stress conditions [151, 152] . Research assessing SIRT expression in poultry is sparse, but accumulating evidence indicates that SIRTs are highly conserved among organisms [158] . Indeed, SIRT1 activation in goose hepatocytes in vitro was found to decrease fatty acids synthesis and cell proliferation and increased fatty acids oxidation. Interestingly, SIRT1 inhibition had an opposite effect [159] . Similar to mammals, stress can increase SIRT expression in birds, e.g., there was an upregulation of SIRT1 in the chicken hypothalamus, liver and muscle in response to 48 h fasting [160] . On the other hand, heat shock (HS) was shown to downregulate SIRT1 in the chicken liver, while dietary supplementation of epigallocatechin gallate ameliorated the detrimental effects of HS on SIRT1 expression [161] . The expression and regulation of sirtuin family members in chicken liver have been characterised [162] . In particular, it was shown that chicken SIRTs share the same conserved functional SIR2 domains. The chicken sirtuins are located in various cellular compartments, including the nucleus (cSIRT3 and cSIRT5), cytoplasm (cSIRT2 and cSIRT4), and in both the cytoplasm and nucleus (cSIRT1, cSIRT6 and cSIRT7). All sirtuins except cSIRT7 were characterised by a deacetylase activity. It was predicted that chicken sirtuins play roles in central intermediary metabolism (cSIRT1, cSIRT2, cSIRT5 and cSIRT6) and in amino acid biosynthesis (cSIRT3). Although cSIRT7 does not possess enzymatic properties, cSIRT4 has been suggested to participate in transcription regulation, with potential regulatory functions. In 30 week old laying hens, SIRTs were found to be expressed in the heart, liver, pectoralis, kidney, spleen, abdominal fat, duodenum, glandular stomach, pancreas and lungs. An age-related regulation of gene expression (with increasing with sexual maturity) of cSIRT1, cSIRT2, cSIRT4, cSIRT6 and cSIRT7 was observed in the chicken liver [162] . Recently, 24 target genes of SIRT1 in chicken embryonic liver were identified. These genes are responsible for the activation or inhibition of lipolysis and gluconeogenesis in embryos [163] . Because of their roles in cellular stress responses, sirtuins would be expected to be important players in adaptive responses of poultry to stress and this topic awaits further investigation. It seems likely that major vitagenes in poultry, which encode elements of thioredoxin and glutathione systems, are regulated via a Nrf2 system, and they will be characterised in the next section.
The products of the aforementioned vitagenes are believed to be involved in the detection and creation of a protective response to diverse forms of stress and cell injuries. The molecular mechanisms of the vitagene network operation in various stress conditions have been recently reviewed [110, 164] , and the biochemical and physiological consequences of the upregulation of the vitagene network in cells and the organism as whole is an important direction of current research [12, 165, 166] . In accordance with the above reports, cellular stress response could be modified by vitagene activation leading to additional synthesis of various protective antioxidant molecules helping effective stress adaptation. The vitagene concept already found its acceptance in the medical sciences in relation to neurodegenerative disorders [107] , neuroprotection [109, 167] , autism [168] , dermatology [169] , osteoporosis and Alzheimer pathology [165, 166, [170] [171] [172] , schizophrenia [12] , free radical-related diseases [173, 174] , aging and longevity [108, 110, 175, 176] .
A number of findings clearly indicate that the vitagene concept can also be valid in poultry [177] [178] [179] . Indeed, the vitagene concept was further developed and validated in relation to poultry production [13, [89] [90] [91] [92] 112, 113, 179] . Accumulating experimental evidence indicates that there is a great opportunity to nutritionally modulate the vitagene network using various nutritional supplements, including phytochemicals [176] , carnitine, [90, 180] , betaine, taurine and vitamins A, E and D [13, 181] . In fact, activation of the vitagene network by nutritional means is considered a new fundamental approach for improving animal/poultry resistance to various stresses [13, 111] .
Transcription Factor Nrf2
It is well appreciated that antioxidant defence systems are under strict regulation by a number of transcription factors [182] [183] [184] [185] . In fact, oxidative stress is believed to activate a range of transcription factors/pathways including Nrf2, NF-κB, AP1, TP53, HIF-1α, HSF1, PPAR-γ, MAPK, FoxO, NOTCH, CREB, SCREB1, SP, β-catenin/Wnt, etc. [186] [187] [188] [189] . Activation of these transcription factors is shown to be associated with the expression of over 500 different genes [186] . They modulate the antioxidant defence network by effecting ROS-generating and antioxidant enzymes, mentioned above, which are critically important for animal adaptation to various stresses. In recent years great attention has been paid to a basic leucine zipper transcription factor, Nuclear factor-erythroid-2-(NF-E2-) and related factor 2 (Nrf2) which will be considered briefly in this section. It is well established that Nrf2 is the redox-sensitive master regulator of oxidative stress-related signalling responsible for the adaptive stress responses [190] . Clearly, Nrf2 has a vital role in adaptation to oxidative stress via induction of the expression of various protective molecules [191] [192] [193] [194] .
The existing evidence suggests that under normal physiological conditions, Nrf2 represents a 605 amino acid transcription factor located in the cytoplasm. It is shown to consist of seven functional domains (Neh1-7) responsible for the regulation of its stability or/and transcriptional activity. In normal physiological conditions, Nrf2 exists as an inactive complex with the negative regulator called Kelch-like-ECH-associated protein 1 (Keap1): a 624 amino acid, cysteine-rich, homodimeric zinc-finger protein [195] . In fact, Keap1 is responsible for forwarding Nrf2 to a Cul3-based E3 ligase with the following rapid 26S proteasome degradation with a half-life under physiological conditions of only ∼20 min [196, 197] . Importantly, more than 27 cysteine residues possessing different reactivity and having various functional impact on Nrf2 were identified in Keap1. In fact, Cys151, located within the BTB homodimerization domain, was shown to be responsible for Nfr2 activation. Furthermore, other cysteines (Cys273, 288 and 297) located in the intervening region, were indicated to inhibit Nrf2 activity by promoting its interaction with Keap1. Furthermore, seven redox-sensitive cysteines (Cys119, 235, 311, 316, 414 and 516) have also been identified in Nrf2 and their oxidative modification could also affect its activity [198] . Therefore, Keap1 serves as an important cellular redox sensor participating in redox balance regulation via its interaction with Nrf2 [195] . It is generally believed that oxidative or electrophilic stress, causing increased ROS production, can modify/oxidize critical cysteine thiols of Keap1 leading to the Keap1-Nrf2 complex dissociation and prevention of Nrf2 degradation in proteasome. Therefore, Nrf2 translocates to the nucleus, heterodimerizes with one of the small Maf (musculoaponeurotic fibrosarcoma oncogene homolog) proteins and binds to antioxidant/electrophile-response elements (ARE) in the upstream promoter region of genes encoding various antioxidant molecules, see Figure 3 in Reference [195] . Under oxidative stress, ROS modify/oxidise SH-groups within Keap1 leading to conformational changes inducing the Nrf2 release from Keap1. This prevents Nrf2 proteasomal degradation and Nrf2 translocates to the nucleus. In the nucleus, Nfr2 binds to the ARE and initiates the transcription of an array of direct or indirect antioxidant enzymes including SOD, GPx, CAT, GST, GR, GCL, Trx, TrxR, PRDX1, SRDX1, HO-1, NQO1. G6PD, IDH2, etc. These enzymes contribute to the improvement of the antioxidant defence network and reduce the cellular oxidative stress. The Nrf2 induced synthesis of AO enzymes also participates in regulation of stress adaptation and redox signalling. The restoration of cellular homeostasis leads to Nrf2-Keap-1 complex formation and activation of Nrf2 degradation by ubiquitin-proteasome system and decreases the Nrf2 mediated synthesis of AO enzymes.
There is a range of other mechanisms promoting Nrf2 activation, including its phosphorylation associated with a Nfr2-Keap1 dissociation and Nrf2 translocation to nucleus [199] . In particular, at least four different mechanisms are described which could lead to dissociation of Keap1 from Nrf2: oxidation of cysteine residues (lower molecular weight reactive oxygen species); covalent modification of cysteine residues (electrophiles); phosphorylation of Nrf2 at Ser40 by protein kinase C and PERK; and protein-protein interaction between p62 and Keap1 [200] . Indeed, Nrf2 activation is responsible for the regulation of multiple pathways via direct inactivation of oxidants, increasing levels of GSH, Trx and NADPH synthesis, enhancing toxin export via the multidrug response transporters, inhibiting cytokine-mediated inflammation, enhancing recognition, repair and removal of damaged proteins, increasing chaperones and regulating posttranslational protein modifications (Table 3 ) [201, 202] . Table 3 . Principal functions of enzymes encoded by Nrf2 target genes and involved in the antioxidant defence [186, 197, [202] [203] [204] . Indeed, Nrf2 initiates synthesis of enzymes of the first line of the antioxidant defence, namely, SOD, GPx and catalase. They deal with free radicals at the site of their production. Since the superoxide radical is the main radical in the biological system, its effective removal is a primary task of the first level of the antioxidant defence [93] . However, as a result of SOD action, H 2 O 2 is produced, which is mainly dealt with by GPx, which has been recently characterised in relation to poultry [205, 206] . Glutathione (GSH) is the most abundant non-protein thiol in avian and mammalian cells controlling redox balance and signalling, regulating transcription factors and gene expression and many other important cellular pathways/processes including epigenetic mechanisms [207] .
Gene Name Abbreviation Enzyme Principal Functions
It is well known that GSH can be synthesized in poultry from three amino acids (i.e., L-glutamate, L-cysteine and glycine) with glutamate cysteine ligase (GCL) being the rate-limiting enzyme in GSH biogenesis [208] . Therefore, Nrf2-regulated synthesis of GCL is of great importance for the antioxidant defence network efficacy. Indeed, GSH is exclusively synthesized in cytosol and compartmentalized in different organelles, including nuclei, endoplasmic reticulum (ER) and mitochondria. In particular, nuclear GSH is found exclusively in the reduced form and participating in preserving proteins involved in DNA repair and gene transcription. Furthermore, mitochondrial GSH preserves the mitochondrial integrity by controlling mitochondrial ROS generation and apoptotic signalling [209] . Therefore, cellular GSH is a key regulator of different biological processes, including synthesis of DNA and proteins, affecting cell growth and proliferation, apoptosis, immunity, amino acid transport, xenobiotic and endogenous oxidant metabolism/detoxification, redox-sensitive signal transduction, etc. [210, 211] . On the one hand, the GSH thiolic group can directly react with and detoxify a range of ROS, including H 2 O 2 , superoxide anion, hydroxyl radicals, alkoxyl radicals and hydroperoxides [209] , on the other hand, there is a range of proteins with GSH-dependent hydroperoxidase activity, including GPx, peroxiredoxins (Prx)-isoforms, some Grx and many GST [212] . Importantly, in stress conditions GSH plays a vital role as a redox buffer (GSH/GSSG; [212] ) controlling the redox status of the living cells, responsible for prevention of the loss of protein thiols and providing optimal redox milieu for signalling [213] , either by protein glutathionylation (direct modification of protein cysteine residues by the addition of GSH) or via scavenging hydrogen peroxide [214] . Indeed, the ratio of GSH/GSSG is the main indictor of the cellular redox potential and reflects redox balance. Under oxidative stress, a decreased redox potential (GSH/GSSG ratio) causes protein S-glutathionylation: a mixed disulphide formation between reactive thiols and GSH altering the physiological functions of affected proteins. In fact, abnormal protein S-glutathionylation is related to diverse cellular detrimental changes, including protein aggregation, protein degradation, apoptosis and mitochondrial dysfunction [215] .
A thiol redox system consisting of the glutathione system (glutathione/glutathione reductase/glutaredoxin/glutathione peroxidase) and the thioredoxin system (thioredoxin/thioredoxin peroxidase (peroxiredoxins)/sulfiredoxin/thioredoxin reductase [216] are believed to be the major players in redox status regulation [99, [217] [218] [219] . Further, the thioredoxin system is an important thiol/disulphide redox controller ensuring the redox homeostasis [220] . Numerous studies have clearly demonstrated that the thioredoxin system is involved in the redox regulation of the expression of genes regulating various cellular functions, including synthesis of deoxyribonucleotides (DNA synthesis and repair), protein biosynthesis, hormone and cytokine action, apoptosis, etc. [221] . Therefore, Nrf2-regulated synthesis of major members of thioredoxin system is a key element of the anti-stress strategy in the cell/body [111] .
Chicken Trx is a protein of 105 amino acids with a molecular weight of 11,700 [222] . The sequence of the chicken Trx is shown to be very similar to the sequences of other thioredoxins. In particular, comparison of the chicken Trx protein sequence with those from bacteria and plants showed structural features that appear to be essential for activity. Indeed, chicken Trx2 is proved to be an essential gene and Trx2-deficient cells undergo apoptosis upon repression of the Trx2 transgene and accumulation of intracellular ROS [223, 224] . Interestingly, increased Trx expression in chicken ovarian follicles was found to be associated with high rates of egg production [225] . Trx was shown to be expressed in chicken jejunum [226] and was indicated to be an important protein of the chicken seminal plasma [227] .
Furthermore, chicken mitochondrial Trx2 was discovered to have disulphide reductase activity in a concentration-dependent manner providing protective effects on LPS-induced oxidative stress in chicken hepatocytes [228] . Trx silencing in chicken cardiomyocytes was shown to cause endoplasmic reticulum oxidative stress by modulating Ca 2+ channel-related pathway genes [229] . It is well known that TrxR is a Se-dependent enzyme, but data on its activity in avian species are quite limited [15] . For example, Smith et al. [230] compared TrxR activity in mammals and chickens and showed that chickens have extremely low TrxR activities, probably reflecting low TrxR protein expression or reflecting differences between mammalian and chicken TrxR. Furthermore, TrxR activity was detected in a range of chicken tissues, including liver, lung, heart, kidney, brain, breast muscle, bursa, thymus, spleen, RBC and plasma [231] . TrxR activity was detected in association with the cytosolic, nuclear pellet and mitochondrial fractions. Selenium dietary supplementation (0.4 mg/kg diet) increased TrxR activity in duodenal mucosa, liver and in the kidney in chickens [232] , while Se deficiency was shown to decrease expression/activity of TrxR in chicken thyroids [233] , pancreas [234] , adipose tissue [235] , kidney [236] and duodenum mucosa [237] . High dietary fluorine was found to decrease TrxR activity in chicken serum and tissues [238] . Similarly, dietary lead was associated with a decreased TrxR activity in chicken brain [239] . Heat stress was shown to compromise the mitochondrial thioredoxin system including Trx2, TrxR2 and Prx3 in growing chickens and dietary curcumin can mitigate this detrimental effect [240] .
At least four different classes of Prx protein have been shown to be evolutionary conserved in chickens [241] . In fact, chicken Prx proteins possess antioxidant activity; however, Prx expression in chickens is not tissue specific, showing their essential role as a housekeeping gene in all tissues to protect against oxidative damage [241] . Prx1 was found to be expressed in chicken macrophages [242] , chicken embryonic kidney [243] and chicken jejunum [226] . Furthermore, chicken Prx6 was shown to be expressed in chicken liver [244] and chicken gut [245] . Acute heat stress was shown to upregulate Prx1 and Prx3 in the small yellow follicles of layer-type chickens [246] . Therefore, in poultry Trxs, Prxs and TrxRs can function as signal transduction proteins regulating stress-induced signalling cascades. They are important antioxidants participating in cellular/organismal adaptation to stress and their upregulation is considered to be an important approach to improve stress resistance of poultry.
Detoxification enzymes (HO-1, NQO1, and GST), synthesized under Nrf2 supervision, are a great help for antioxidant defence, as they are responsible for the prevention of the participation of various xenobiotics and heme in free radical production [127, [247] [248] [249] . Importantly, Nrf2 was shown to restrict/prevent iron-or heme-mediated oxidative stress by affecting the expression of the FPN1, ferritin and HO-1 genes [250] . Regulation of the aforementioned antioxidants, NADPH-synthesizing enzymes, as well as others stress-response proteins are clearly shown to provide protection against oxidative and inflammatory damages [197, 203, 204, 251] . Accumulating evidence clearly shows that Nrf2 can also regulate many important biological processes, including cell proliferation and differentiation, inflammation, autophagy, apoptosis, mitochondrial function or biogenesis as well as several metabolic pathways involved in iron/heme, glucose, glutamine, lipid, NADPH and pentose phosphate metabolism (for review and references, see Reference [198] ).
Generally speaking, Nrf2-mediated regulation of the antioxidant defence network and redox balance are key elements of adaptive homeostasis, with Nrf2 being involved in the regulation of the expression of about 250 genes [204] . In accordance with the earlier study, Nrf2 was reported to directly or indirectly alter the expression of approximately 15,000 genes, and the number of directly inducible genes has been estimated at 654. Interestingly, the inducible targets of Nrf2 are primarily categorized as antioxidant-related genes [201] . Therefore, a well-controlled adaptive change in gene expression as a response to stress via Nrf2 and the ARE is considered to be a key protective mechanism of homeostasis maintenance [203, 204] .
It has become increasingly apparent that stress stimulus activating Nrf2 includes redox disturbances, endoplasmic reticulum stress, autophagy impairment, inflammation, growth factor stimulation and nutrient/energy fluxes, etc. [195, 252] . It is proven that beyond antioxidant defences Nrf2 also upregulates genes responsible for the synthesis of protective proteins directing the repair and degradation of damaged macromolecules during stress. Furthermore, it also modulates intermediary metabolism by direct metabolic reprogramming [251] . In addition, Nrf2 is involved in protein quality control by induction of proteasome subunits associated with a decrease in unfolded proteins and restoring physiological protein turnover [195] .
It has been suggested that the Keap1/Nrf2 system predominantly senses and deals with low intensity oxidative stress, while intermediate oxidative stress more likely induces NF-κB and AP-1 pathways [189] . At low or intermediate intensity oxidative stress, additional adaptive mechanisms leading to enhanced antioxidant potential are related to MAP-kinases and other kinases (e.g., protein kinase C and phosphatidylinositol-3-kinase) participating in signal sensing and orchestrating cellular response with enhanced antioxidant potential [251] . Furthermore, emerging evidence clearly indicates that Nrf2 can interact with other transcription factors, including heat shock factor (Hsf1; [253] ) to create additional options for AO system regulation. The Nrf2 stress pathway communicates with mitochondria, the main source of free radicals in biological system, to control cellular homeostasis during oxidative stress [254] . Based on the chemical structures, at least 10 classes of Nrf2 activators can be established, including diphenols, Michael reaction acceptors, isothiocyanates, thiocarbamates, trivalent arsenicals, 1,2-dithiole-3-thiones, hydroperoxides, vicinal dimercaptans, heavy metals and polyenes [255] . There is also a range of endogenously produced signalling mediators (e.g., H 2 O 2 , NO, fumarate, products of lipid peroxidation) effectively activating Nrf2 [255] . Currently, a number of natural and synthetic Nrf2-activating compounds have been described, and there is a growing body of evidence demonstrating the beneficial effects of Nrf2 activation in various stress conditions [204] .
Protective Effects of Nrf2 in Poultry
A regulatory role for Nrf2 in stress adaptation in poultry has received limited attention and the main published studies related to Nrf2 expression in poultry tissues in various stress conditions appeared only in the last 10 years. They can be summarised as follows:
Heat Stress
The impact of heat stress on poultry performance is well documented, and the following text deals with the literature that delineates heat stress on poultry antioxidant capacity. Rearing five-week-old female Japanese quail at 34 • C for 8 h/d (HS) for 12 weeks was associated with a decreased production performance (a reduction in feed intake (FI) by 9.7% and egg production by 14.4%) and oxidative stress as evidenced by an increased hepatic MDA level by 84.8%, and decreased hepatic AO enzyme activities (SOD, CAT and GPx by 25.8%, 52.3% and 45.5%, respectively) [256] . At the same time, decreased hepatic Nrf2 expression was observed. In contrast, inclusion of epigallocatechin-3-gallate at 200 or 400 mg/kg in the quail diet restored the altered expression of Nrf2 by HS and ameliorated disturbances in AO enzyme activities [256] . In another experiment, conducted in the same department, one-day-old male broiler chicks (Ross 308) were randomly distributed to one of 2 × 3 factorially arranged treatments: two housing temperatures (22 • C for 24 h/d; thermoneutral (TN) or 34 • C for 8 h/d, HS) and three dietary lycopene levels (0, 200 or 400 mg/kg) and birds were reared to 42 days. Similar to the previous study, heat stress was associated with reductions in FI and weight gain by 12.2% and 20.7% and negatively affected FCR. In an HS group, oxidative stress was evidenced by decreased serum AO enzyme activities (SOD and GPx) and increased MDA. Furthermore, HS increased (by 150%) muscle Keap1 expression and decreased by 40% muscle Nrf2 expression. The authors showed that increasing dietary lycopene levels alleviated the detrimental changes in the Nrf2 system due to the HS and had a protective effect on chicken performance [257] . The detrimental effects of HS on Nrf2 expression in chicken muscles was partly alleviated by dietary Cr supplementation [258] . The protective effects of other phytochemicals against Nrf2-related AO enzyme changes due to the presence of HS were also reported. For example, curcumin supplementation (50-200 mg/kg) was shown to improve AO defences of HS-exposed broilers, as evidenced by increasing the GSH content and GSH-related enzyme activities and inducing the expression of Nrf2 and Nrf2-mediated phase II detoxifying enzyme genes [259] . Interestingly, birds in the HS group showed increased MDA, protein carbonyl (PC), 8-hydroxydeoxyguanosine (8-OHdG) and some apoptosis markers, including caspase-3 and caspase-9 mRNA levels and activity. In addition, the AO system was compromised (decreased GSH, Nrf2, GPx, MnSOD, HO-1, GR levels and compromised total antioxidant capacity (T-AOC), total SOD, Mn-SOD and catalase activities), reflecting HS-induced oxidative stress [260] . The authors clearly showed that resveratrol (400 mg/kg) was able to ameliorate HS-induced spleen dysplasia in broilers through the activation of the Nrf2 signalling pathway and decreasing apoptosis in the spleen. Similarly, dietary taurine (5 g/kg) was shown to significantly decrease the levels of ROS and MDA and increase the messenger RNA expressions of Nrf2, NAD(P)H quinone dehydrogenase 1 and HO-1 in breast muscles of HS-exposed birds [261] . It seems likely that the effect of HS on Nrf2 expression is condition dependent. For example, in another study, where 14 day old chickens were exposed to 35 • C for 12 days, Nrf2 was only slightly downregulated at day 1 post-HS compared to controls [262] . However, there was no difference in mRNA expression of Nrf2 at 12 days post-HS. Furthermore, in comparison to control, mRNA levels of SOD1 and CAT were downregulated at day 1 post-HS but were upregulated at day 12 post-HS [262] . Similarly, cold stress was found to increase Nrf2 protein expression in chicken liver [35] .
Mycotoxins
In ovo exposure to aflatoxin B1 (AFB1) was shown to upregulate Nrf2 expression in both domesticated and wild turkey embryos [263] . In primary broiler hepatocytes, AFB1 caused increased mitochondrial ROS production, decreased mitochondrial membrane potential and induced apoptosis. This was associated with upregulated mRNA expression of Nrf2, but downregulated mRNA expressions of NAD(P)H: quinine oxidoreductase 1, SOD and HO-1 [264] . Similar changes in Nrf2 expression due to the exposure to AFB1 were also observed in broiler cardiomyocytes [265] . Interestingly, an opposite effect of AFB1 on Nrf2 expression was observed in vivo. For example, AFB1 (5 mg/kg for 28 days) induced liver injury in broilers and significantly downregulated Nrf2 and its downstream genes' mRNA expression level. Moreover, the Nrf2 protein expression level was also markedly reduced in the AFB1-fed group [266] . Similarly, in broiler chick liver, dietary AFB1 (5 mg/kg for 28 days) significantly inhibited autophagy, induced inflammation and significantly reduced Nrf2 and HO-1 mRNA and protein levels [267, 268] . However, curcumin dietary supplementation (150-450 mg/kg) was shown to significantly ameliorate AFB1-induced decreases in Nrf2 and HO-1 mRNA and protein expression levels. In contrast, in three-week-old broilers, ochratoxin A (OTA) exposure (1126 µg/kg feed) was associated with overexpression of the Nrf2 gene in liver and kidney as compared to control chickens [50] . Interestingly, in mice T-2 toxin exposure was shown to downregulate Nrf2 and its downstream target genes, including NQO1 and HO-1 [269] . In contrast, deoxynivalenol (DON) treatment in mice during pregnancy was found to cause ROS accumulation in the placenta leading to embryotoxicity. At the same time, the Nrf2/HO-1 pathway was upregulated in an attempt to protect placenta cells from oxidative damage [270] . Therefore, it seems likely that oxidative stress imposed by various mycotoxins is associated with Nrf2 up-or downregulation depending on the level of stress.
Heavy Metals
In an in vitro study, Se treatment was shown to increase the mRNA levels of Nrf2 in Cd-treated chicken hepatocytes [271] . However, in an in vivo study with chickens, it was shown that a high level of Se dietary supplementation (2 mg/kg as sodium selenite) was associated with significantly decreased accumulation of Nrf2 in the spleen nucleus compared with the corresponding control group, while Cd exposure increased nuclear Nrf2 accumulation [272] . In layer oviduct magnum epithelial cells in culture, vanadium downregulated Nrf2, NQO1 and HO-1 mRNA expression [273] . When laying hens were fed with four experimental diets containing graded levels of mercury at 0.280, 3.325, 9.415 and 27.240 mg/kg, respectively, an inhibitory effect of Hg on the Nrf2 protein level in ovary tissue was observed, while expression of Keap1 protein increased [274] . Similar inhibitory effects of Hg on Nrf2 expression was observed in the layer liver and kidney [275] . Therefore, the authors concluded that Hg causes damage to liver and kidney as a result of induced hepatic and renal oxidative stress due to the suppressing Nrf2-Keap1 signalling pathway in laying hens. In layer uterus gene expressions of Nrf2, and HO-1 were downregulated by vanadium treatment, while dietary epigallocatechin-3-gallate was able to upregulate the expression of the Nrf2 and HO-1 genes compared to the vanadium-exposed group [276] . Therefore, the aforementioned data clearly showed that heavy metals in a chicken diet caused the downregulation of the expression of Nrf2 leading to oxidative stress.
Lipopolysaccharide Challenge
In the liver of broiler chickens challenged with lipopolysaccharide (LPS), downregulated mRNA expressions of Nrf2, Cu/Zn-SOD, Mn-SOD, GPx1 and CAT were observed. However, dietary inclusion of oridonin, a compound extracted from medicinal herbs, was able to ameliorate the aforementioned effects of LPS on the antioxidant enzymes and Nrf2 expression [277] . Lipopolysaccharide treatment was shown to significantly increase the expressions of Nrf2, Keap1, SOD1, SOD2, GPx and YAP1 genes in chick chorioallantoic membrane. Interestingly, addition of 400 or 800 µg/ml N-acetylcysteine suppressed the LPS-enhanced expressions of Nrf2, GPx and Keap1 genes [278] . It seems likely that, similar to other stress conditions, the response of Nrf2 can be up-or downregulated by LPS.
Other Pro-Oxidants
Effects of corn-dried distillers' grains with solubles (DDGS) on oxidative status in laying ducks was studied. It was shown that increasing corn DDGS (from 6% to 30%) linearly increased hepatic expression of Nrf2, HO-1 and GPX1, hepatic activity of GPx and the liver content of MDA [279] . Iron dietary supplementation at 700 or 1400 mg Fe/kg was shown to significantly increase Nrf2 gene expression in jejunum of 21 day old Chinese fast growing Yellow broilers [280] . The expression levels of Nrf2 and HO-1 in goose granulosa cells treated with 3-nitropropionic acid were elevated 1.63 and 10.48 fold, respectively [281] . The mRNA level of Nrf2 in the liver and jejunum of broilers fed a diet containing soybean meal (SBM) heated at 100 • C for 8 h was significantly decreased in comparison to birds fed the control diet containing untreated SBM for 42 days [282] . The oxidative stress imposed by heat-treated SBM was associated with the decreased activities of SOD and GPx in liver and jejunum. Apoptotic, antioxidant, biochemical and histochemical alterations induced by boron administration in ostrich chicks' kidneys were studied. For this purpose, the ostrich chicks were supplemented with boric acid (BA) (source of boron) in the drinking water at 0, 40, 80, 160, 320 and 640 mg/L [283] . As the boron concentration in the drinking water increased, the expression of Nrf2 and HO-1 genes in ostrich kidney were found to be upregulated reaching a maximum in the 80-160 mg/L boric acid groups. Further increases in boron supplementation were associated with the trend of downregulation of Nrf2 and HO-1 expression [283] . In conclusion, in most studies, mild nutritional stress was associated with increased Nrf2 expression as an adaptive response. However, a long-term action of a stressor (heat-treated soybean meal) was associated with decreased Nrf2 expression.
Other Stress Conditions
In a recent study with newly hatched chicks, Nrf2 expression in the cerebrum of both the transport and simulation transport groups were significantly upregulated by transport stress [284] . However, the upregulation of Nrf2 expression was not able to mitigate cerebrum oxidative stress in newly hatched chicks. Low-current and high-frequency electrical stunning was shown to create oxidative stress and increase lipid peroxidation. In such conditions, increased Nrf2 gene expression in breast muscle of broilers due to the electrical stunning was not fully able to protect tissues against the aforementioned oxidative stress [285] .
Phytochemicals
Recent data indicate that Nrf2 activation is one of the most important mechanisms of phytochemical protective effects in poultry and farm animals [91, 286, 287] . Dietary inclusion of Antrodia cinnamomea (a medical fungus) powder into the broiler diet at 0.1-0.4% for 35 days was shown to increase Nrf2 expression in the liver [288] . Primary chicken intestinal epithelial cells treated with 100 nM equol showed increased abundance of Nrf2 transcripts, relative to untreated control cells [289] . Laying hens fed on a diet supplemented with 0.5% dry mulberry leaves (ML) for 12 weeks were characterised by significantly increased mRNA levels of antioxidant-regulated genes, including Nrf2, HO-1 and GST in peripheral blood mononuclear cells in comparison to the birds fed on the control diet [290] . Furthermore, the serum MDA concentration was shown to be decreased and the catalase and SOD activities increased in all the ML-supplemented groups in comparison to the control group birds. Niu et al. [291] investigated the effect of dietary supplementation of fermented ginkgo biloba leaves (FGBLs) on nutrient utilization, intestinal digestive function and antioxidant activity of broilers. It was shown that chickens fed with a 3.5 g/kg FGBL diet were characterised by increased body weight gain, feed intake and relative weight of duodenum. At the same time, antioxidant and digestive enzyme activities were increased and MDA concentration decreased in the pancreas and small intestine of the experimental birds. This was accompanied by upregulation of Nrf2 in the small intestine [291] . Sahin et al. [292] evaluated genistein in hens and showed it prevented the development of spontaneous ovarian cancer and inhibited tumour growth. This was associated with reduction of serum MDA and downregulation of the expression of NF-κB and Bcl-2 and upregulation of the expression of Nrf2, HO-1 and Bax at the protein level in ovarian tissues. There was a significant linear effect of dietary curcumin on the relative abundance of SOD1, GPx1, CAT, HO-1 and Nrf2 transcripts and a quadratic increase in the activities of GPx and T-AOC in jejunal mucosa of growing ducklings [293] . Although phytochemical supplementation of poultry diets is a relatively new area of research, the former work points to the synergetic benefits in the avian antioxidant defence system.
Other Nutrients and Probiotics
Dietary tryptophan (0.08-0.16%) was shown to decrease GSH and the GSH/GSSG ratio in plasma and increase Nrf2 and TNF-α gene expression in the ileal mucosa of Chinese yellow-feathered broiler breeder hens [294] . Dietary methionine (Met) levels (2.00, 2.75, 3.50, 4.25, 5.00 or 5.75 g/kg for 24 weeks) showed a linear and quadratic effect on the gene expression of GPx1, HO-1 and Nrf2, and quadratically increased the activity of GPx and total antioxidant capacity (T-AOC) in the liver of duck breeders. Furthermore, maternal dietary Met enhanced the gene expression of GPx1, HO-1 and Nrf2, increased activity of GPX and T-AOC and reduced carbonylated protein in the brains of hatchlings [295] . Dietary probiotic Bacillus subtilis (Strain fmbj) was shown to increases antioxidant capacity and oxidative stability of chicken breast muscle during storage. This was associated with increased mRNA expression of antioxidant genes (Nrf2, HO-1, SOD, CAT, GPx) and decreased the oxidative damage index (MDA, ROS, PC, 8-OhdG) in chicken breast muscle [296] and expression of Nrf2, HO-1, SOD and GPx in chicken liver mitochondria due to the dietary probiotic [297] . Furthermore, there is a range of other nutrients upregulating Nrf2 expression in different poultry tissues, including carnitine [90] , taurine [298] and silymarin [91] .
Therefore, the aforementioned data have shown that Nrf2 activation is an adaptive mechanism to deal with various stressors in poultry. Indeed, by improving ROS scavenging and restoring redox homeostasis in stress conditions, Nrf2 can prevent/decrease stress-related detrimental changes in poultry and play a crucial role in anti-stress strategy development. However, when stress is excessive and Nrf2 expression is decreased, oxidative stress occurs leading to detrimental consequences in terms of the productive and reproductive performance of poultry. There is a range of nutrients, including various phytochemicals, carnitine, taurine and silymarin, that are able to prevent the detrimental effects of stressors on Nrf2 expression. Furthermore, interest in this transcription factor goes beyond stress. For example, when a comparison of a single male modern broiler line compared to a foundational Barred Plymouth Rock chicken line was conducted, it showed that Nrf2 expression in breast muscle was much higher in the modern broiler compared to the foundational BPR line [299] , and it was suggested Nrf2-mediated oxidative stress response pathways are involved in breast muscle growth in chickens [300] . In recent years, several compounds, including carnitine, have been shown to have inhibitory activities against multiple components of the NF-κB activation pathway. Transcription factors Nrf2, NF-κB and HSF1 enable the eukaryotic cell to adapt to various forms of oxidative, electrophilic, thermal, inflammatory and other stressors by orchestrating elaborate transcriptional programs termed the Keap1/Nrf2 pathway, NF-κB/IκB pathway and the heat shock response [253] . In general, induction of these programs is associated with upregulation of various protective mechanisms including molecular chaperones, antioxidant and drug-metabolizing enzymes, proteins responsible for the repair and clearance of damaged macromolecules as well as for the maintenance of cell structure, redox and intermediary metabolism [253] . It is clear that Nrf2 and NF-κB have interactive expression and activity to coordinate anti-oxidative and inflammatory responses, but it is not yet known how this interconnection takes place [301] . Thus, stress-associated changes in redox balance and in activities of transcription factors such as Nrf2/Keap1 and NF-κB/ IκB/IKK provide adaptive cell responses to oxidants and a variety of stress stimuli through regulation of gene expression under both physiological and pathological conditions [302] . Despite the accepted concept of physiological ROS/RNS signalling, there is still no complete consensus on molecular mechanisms explaining the beneficial or deleterious effects of ROS on biomolecules and cellular functions [302] . The hypothetical scheme of Nrf2-NF-κB cross-talk is shown in Figure 4 . There is a delicate balance between Nrf2 and NF-κB expression in various tissues and, in physiological conditions, the balance is well maintained. It seems likely that increased NF-κB expression due to the presence of moderate stressors can cause simultaneous compensatory increases in expression of Nrf2 leading to improved antioxidant defences and decreased NF-κB expression as a feedback mechanism. However, when stress is too high, this compensatory adaptive mechanism will not be effective, and an increased NF-κB expression will be associated with a decreased Nrf2 expression. Therefore, once the ability to balance AO defences against ROS production is overwhelmed due to the extremely high stress, redox status will be altered, resulting in an inhibited Nrf2/NF-κB balance which leads to detrimental consequences in terms of health (immunosuppression), productive and reproductive performance in poultry. Importantly, other transcription factors and vitagenes are also involved in regulation of the balance.
Conclusions
Commercial poultry production is associated with a range of stressors, from hatching (high temperature and humidity) up to slaughter (catching, transportation and holding). In many cases, it is possible to improve the rearing and welfare conditions of broilers during rearing, but the major limitation is the cost of such improvements. A growing body of information clearly indicates that an excess of ROS/RNS production and oxidative stress are major detrimental consequences of most common commercial stressors in poultry production. During evolution, antioxidant defence systems developed in poultry to survive in an oxygenated atmosphere. They include a complex network of internally synthesised (e.g., antioxidant enzymes, GSH, CoQ) and externally supplied (vitamin E, carotenoids, etc.) antioxidants. In fact, all antioxidants in the body are working cooperatively as a team to maintain optimal redox balance in the cell/body. This balance is a key element in providing the necessary conditions for cell signalling, a vital process for regulation of the expression of various genes, stress adaptation and homeostasis maintenance in birds. Since ROS/RNS are considered to be important signalling molecules, their concentration is strictly regulated by the antioxidant defence network in conjunction with various transcription factors and vitagenes. Therefore, activation of such transcription factors as Nrf2 leads to an additional synthesis of an array of protective molecules which can deal with increased ROS/RNS production. However, when stress is too high, leading to a free radical concentration higher than the threshold for cells/tissues, other transcription factors including NF-κB become predominant, and inflammation and apoptosis predispose healthy tissues to damage, leading to the development of various disease states and decreasing the productive and reproductive performances of poultry. The Nrf2 pathway is shown to play a vital role in health resilience and can be made more robust and responsive by certain dietary factors including various phytochemicals and trace minerals [303] . Therefore, it is a challenging task to develop a system of optimal antioxidant supplementation to help growing/productive birds maintain effective antioxidant defences and redox balance in the body. On the one hand, antioxidants, such as vitamin E, or minerals, such as Se (a precursor of GPx and other selenoproteins), Mn, Cu and Zn (important parts of SOD), have become a compulsory part of the commercial premixes for poultry and, in most cases, their levels in premixes are sufficient to meet the physiological requirements in these elements independently on their provision with feed ingredients. On the other hand, regarding the aforementioned commercially relevant stressors, there is a need for additional support for the antioxidant system in poultry. Current research is concentrated on the usage of an optimal dietary Se form [60] or increasing vitamin E supplementation [86] . There are also numerous attempts to use various phytochemicals in poultry diets, but their success is quite variable due to the low rate of the active compounds' absorption and assimilation [286] . The new direction in improving the antioxidant defences of poultry in stress conditions is related to an opportunity to activate a range of vitagenes (via Nrf2-related mechanisms: SOD, HO-1, GSH, Trx, or other mechanisms: HSP, sirtuins, etc.) to maximize an internal AO protection and redox balance maintenance. Therefore, the development of vitagene-regulating nutritional supplements is on the agenda of many commercial companies worldwide. One successful example could be a complex mixture of nutrients including carnitine, betaine, vitamins, minerals, organic acids, etc., which are commercially available for poultry [22, 105, [304] [305] [306] . Indeed, prevention of the detrimental consequences of stressors and improved performance in broilers [22, 303] , broiler breeders and layers [305, 306] using vitagene-activation may, based on references in this review, optimize the antioxidant defence system. It seems likely that the vitagene concept of fighting stress could be used for maintenance/improvement of eggshell health, gut health and liver health of modern poultry in conditions under stress (for a review, see Reference [105] ). Furthermore, improved laboratory techniques used in quantifying avian cellular Nrf2, may lead to further elucidation of the mechanisms in oxidative stress biology.
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